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Introduction {#acr211155-sec-0005}
============

Chondrocytes are the only cell type in articular cartilage and play a pivotal role in maintenance of the extracellular matrix (ECM), the primary target of osteoarthritic cartilage degradation. The chondrocytes in osteoarthritis (OA) display dysregulation of anabolic and catabolic processes and are reduced in number ([1](#acr211155-bib-0001){ref-type="ref"}, [2](#acr211155-bib-0002){ref-type="ref"}, [3](#acr211155-bib-0003){ref-type="ref"}). Numerous in vivo and in vitro studies have shown that the default route of chondrocyte differentiation is terminal differentiation, hypertrophy, and apoptosis ([2](#acr211155-bib-0002){ref-type="ref"}, [4](#acr211155-bib-0004){ref-type="ref"}). In healthy articular cartilage, this default route is blocked to obtain permanent cartilage, and chondrocytes remain resting and maintain homeostasis of mature cartilage by a low turnover of ECM molecules. In OA, this block is lifted, resulting in chondrocyte terminal differentiation characterized by altered expression of genes and proteins involved in cartilage homeostasis, including decreased production of ECM proteins (type 2 collagen \[COL2\] and aggrecan \[ACAN\]) and increased production of type 10 collagen (COL10) and matrix metalloproteinase 13 (MMP13), the major type 2 collagen‐degrading enzyme ([2](#acr211155-bib-0002){ref-type="ref"}, [5](#acr211155-bib-0005){ref-type="ref"}). Understanding how articular chondrocytes undergo phenotypic changes in OA may lead to identification of important players and potential therapeutic targets to block OA cartilage damage and promote its repair.

Follistatin‐like protein 1 (FSTL1) is a glycoprotein belonging to a family of secreted proteins acidic and rich in cysteine (SPARC/BM‐40/osteonectin) containing both EF‐hand calcium‐binding and follistatin‐like domains ([6](#acr211155-bib-0006){ref-type="ref"}). In contrast to other family members, the EF‐hand calcium‐binding domains of FSTL1 are nonfunctional ([6](#acr211155-bib-0006){ref-type="ref"}). Despite the sequence similarity to follistatin, FSTL1 does not bind activin ([7](#acr211155-bib-0007){ref-type="ref"}), which suggests that FSTL1 has evolved clearly distinct properties. The biological function of FSTL1 is not fully understood. Studies suggest that FSTL1 plays roles in the regulation of organ development, cell proliferation, differentiation, survival, migration, wound healing, immune cell function, carcinogenesis, and metastasis ([8](#acr211155-bib-0008){ref-type="ref"}, [9](#acr211155-bib-0009){ref-type="ref"}, [10](#acr211155-bib-0010){ref-type="ref"}, [11](#acr211155-bib-0011){ref-type="ref"}, [12](#acr211155-bib-0012){ref-type="ref"}, [13](#acr211155-bib-0013){ref-type="ref"}). FSTL1 is produced by mesenchyme‐derived cells, including chondrocytes ([12](#acr211155-bib-0012){ref-type="ref"}, [14](#acr211155-bib-0014){ref-type="ref"}). Serum FSTL1 levels decrease with age in both humans and mice ([15](#acr211155-bib-0015){ref-type="ref"}, [16](#acr211155-bib-0016){ref-type="ref"}, [17](#acr211155-bib-0017){ref-type="ref"}), which suggests that FSTL1 plays a role in age‐related changes in mesenchyme‐derived tissues. As recently published by our group, deletion of FSTL1 in mice results in cartilage hypocellularity ([12](#acr211155-bib-0012){ref-type="ref"}). Mesenchymal stem cells (MSC) isolated from FSTL1 knockout (KO) embryos exhibit impaired chondrogenic differentiation and displayed alterations in signaling induced by transforming growth factor β (TGFβ), a key chondrogenic factor. Multiple genes known to be involved in chondrogenesis, including those regulated by TGFβ, bone morphogenetic proteins (BMPs), insulin‐like growth factors, and Wnt, were found to be dysregulated in FSTL1 KO MSC. Among these genes, reduced expression of SOX9 and COL2A1 is of particular interest because their expression is critical for the early stage of chondrocyte differentiation. We also observed markedly decreased TGFβ‐induced phosphorylation of Smad3, a key component of the chondrocyte differentiation pathway. These findings led us to undertake the current study to determine whether FSTL1 promotes healthy articular cartilage and prevents chondrocytes from undergoing terminal differentiation to hypertrophic cells.

MATERIALS AND METHODS {#acr211155-sec-0006}
=====================

Lentiviral transduction of human articular chondrocytes {#acr211155-sec-0007}
-------------------------------------------------------

Human articular chondrocytes immortalized with the human telomerase gene and HPV oncogenes E6 and E7 (CH‐hTERT/E6/E7 cells) were kindly provided by Dr. Aloysius Klingelhutz at the University of Iowa ([18](#acr211155-bib-0018){ref-type="ref"}). The cells were transduced with a lentivirus encoding human FSTL1 small hairpin RNA (shRNA) (Santa Cruz Biotechnology) or a control lentivirus carrying scrambled shRNA as described ([14](#acr211155-bib-0014){ref-type="ref"}).

Adenoviral transduction of human articular chondrocytes {#acr211155-sec-0008}
-------------------------------------------------------

A recombinant, E1a‐E3--deleted replication defective adenovirus type 5 vector encoding the human FSTL1 gene and the control vector lacking an insert were generated, grown in 293 cells, and purified as described ([19](#acr211155-bib-0019){ref-type="ref"}). CH‐hTERT/E6/E7 cells were infected with adenovirus (1000 viral particles/cell) for 5 days.

Cell culture {#acr211155-sec-0009}
------------

For chondrogenic differentiation, 150 000 cells were pelleted in triplicate wells of a V‐bottom 96‐well polypropylene plate at 300×g for 7 minutes and then cultured in chondrogenic medium (DMEM high glucose \[Gibco\], 10 ng/ml human TGFβ3 \[R&D Systems\], 0.1 μM dexamethasone \[Tocris\], 25 μg/ml L‐ascorbate \[Sigma‐Aldrich\], 1 mM sodium pyruvate \[Gibco\], 1 × ITS+ Premix \[Corning\], 100 IU penicillin, and 100 μg/ml streptomycin) at 5% CO~2~/37°C. The medium was replaced twice a week. Pellets were harvested for analysis after 1 to 3 weeks. To calculate pellet volumes, the plate was scanned and pellet diameters were measured with ImageJ software. For histochemical analysis, the pellets were cryosectioned and stained with Safranin O/fast green ([20](#acr211155-bib-0020){ref-type="ref"}).

Analysis of FSTL1 expression in human articular cartilage {#acr211155-sec-0010}
---------------------------------------------------------

In accordance with Institutional Review Board regulations, knee joint tissues from OA patients undergoing total knee replacement (University of Iowa Department of Orthopaedics and Rehabilitation) were deidentified and collected as surgical discards. High Mankin (HM) score (mean = 11.7) vs. low Mankin (LM) score (mean = 2.0) tissue was defined as previously described ([21](#acr211155-bib-0021){ref-type="ref"}). Frozen cartilage tissue was sectioned at 6 μm in a cryostat with the CryoJane Tape Transfer system (Instrumedics) as previously described ([22](#acr211155-bib-0022){ref-type="ref"}). FSTL1 was labeled with rabbit anti‐human FSTL1 antibody (Pierce) and visualized with Alexa Fluor 647‐anti‐rabbit IgG (Invitrogen). Nuclei were counterstained with Hoechst 33342 dye (Invitrogen), and the coverslips were mounted onto slides. The slides were imaged using a Zeiss 710 confocal microscope with an oil‐immersion objective (63x). Fluorescence intensity was quantified using ImageJ software. The mean fluorescence from at least 30 cells per individual from both LM and HM cartilage was used to calculate the average fluorescence signal.

Quantitative RT‐PCR {#acr211155-sec-0011}
-------------------

Chondrocyte pellets or cartilage tissues were frozen on dry ice as soon as they were collected and pulverized using a disposable microhomogenizer. Total RNA extraction was performed using the PureLink RNA Mini Kit (Invitrogen). The SuperScript II Reverse Transcriptase Kit (Invitrogen) was used to make complementary DNA. PCR was performed in a LightCycler480 (Roche) using the Power SYBR Green PCR Master Mix (Applied Biosystems) as described ([23](#acr211155-bib-0023){ref-type="ref"}). The copy number (number of transcripts) of amplified product was calculated from a standard curve obtained by plotting the known input concentrations of plasmid DNA. Expression levels of each gene were normalized to GAPDH (see Table [1](#acr211155-tbl-0001){ref-type="table"} for primer sequences).

###### 

Primer sequences

+------------+---------------------------------------+
| Human Gene | Sequence of Primer Pair               |
+============+=======================================+
| ACAN       | forward 5'‐TCGAGGACAGCGAGGCC‐3'       |
|            |                                       |
|            | reverse 5'‐TCGAGGGTGTAGCGTGTAGAGA‐3'  |
+------------+---------------------------------------+
| COL2A1     | forward 5'‐TGGACGCCATGAAGGTTTTCT‐3'   |
|            |                                       |
|            | reverse 5'‐TGGGAGCCAGATTGTCATCTC‐3'   |
+------------+---------------------------------------+
| COL10A1    | forward 5'‐ATGCTGCCACAAATACCCTTT‐3'   |
|            |                                       |
|            | reverse 5'‐GGTAGTGGGCCTTTTATGCCT‐3'   |
+------------+---------------------------------------+
| FSTL1      | forward 5'‐CGATGGACACTGCAAAGAGA‐3'    |
|            |                                       |
|            | reverse 5'‐CCAGCCATCTGGAATGATCT‐3'    |
+------------+---------------------------------------+
| GAPDH      | forward 5'‐TTCACCACCATGGAGAAGGC‐3     |
|            |                                       |
|            | reverse 5'‐GGCATGGACTGTGGTCATGA‐3'    |
+------------+---------------------------------------+
| MMP13      | forward 5'‐CCAGACTTCACGATGGCATTG‐3'   |
|            |                                       |
|            | reverse 5'‐GGCATCTCCTCCATAATTTGGC‐3'  |
+------------+---------------------------------------+
| RUNX2      | forward 5'‐CCGCCTCAGTGATTTAGGGC‐3'    |
|            |                                       |
|            | reverse 5'‐GGGTCTGTAATCTGACTCTGTCC‐3' |
+------------+---------------------------------------+

John Wiley & Sons, Ltd

Western blotting {#acr211155-sec-0012}
----------------

Chondrocyte pellets were lysed in 2× SDS‐PAGE loading buffer and sonicated. SDS‐PAGE and immunoblotting were performed as described ([23](#acr211155-bib-0023){ref-type="ref"}). Goat polyclonal antibodies were used to detect human FSTL1 and MMP13 (R&D Systems). Phospho‐Smad3, Sox9, and actin were detected with rabbit polyclonal antibodies (Cell Signaling). Blots were developed using horseradish peroxidase--conjugated secondary antibodies (Thermo) with a chemiluminescent substrate (Thermo). Membranes were scanned by LAS4000 imaging system (Fuji), and images were analyzed with Multi Gauge software.

Co‐immunoprecipitation {#acr211155-sec-0013}
----------------------

HEK 293T cells were transfected with empty expression vector, or plasmids encoding mouse FLAG‐FSTL1, Birch profilin (BP)‐epitope--tagged mouse activin receptor‐like kinase 1 (Alk1), and endoglin. Also, co‐transfections of FLAG‐FSTL1 with TGFβ receptor proteins were performed. Forty‐eight hours after transfection, cells were lysed in buffer containing 1% Triton X‐100. FLAG‐FSTL1 was immunoprecipitated from clarified lysates using anti‐FLAG antibody (Sigma). Immunoprecipitates were resolved by SDS‐PAGE. FLAG‐FSTL1 was visualized by Western blotting with anti‐FSTL1 antibody. Alk1 and endoglin were visualized with anti‐BP antibody.

Statistical analysis {#acr211155-sec-0014}
--------------------

All statistical analyses were performed using the GraphPad Prism 8 software (GraphPad). The parametric Student's *t* test (two‐tailed) was used to assess the significance of differences between two groups. Levels of FSTL1 expression in human cartilage were compared using the Mann‐Whitney *U* test. Correlation analysis was performed by the Pearson correlation test. The mean + SEM is shown in the figures. *P* values \< 0.05 were considered statistically significant.

RESULTS {#acr211155-sec-0015}
=======

FSTL1 prevents chondrocyte terminal differentiation {#acr211155-sec-0016}
---------------------------------------------------

To explore the potential role of FSTL1 in articular cartilage, we used a line of immortalized human articular chondrocytes ([18](#acr211155-bib-0018){ref-type="ref"}). In the presence of TGFβ, these cells can differentiate into chondrocytes and form cartilage pellets in culture ([24](#acr211155-bib-0024){ref-type="ref"}). As shown in Supplementary Figure [1](#acr211155-sup-0001){ref-type="supplementary-material"}, stimulation of cells with TGFβ led to a marked increase in expression of COL2A1 and ACAN, two genes associated with healthy articular cartilage. To reduce FSTL1 expression, the cells were transduced with a lentivirus encoding human FSTL1 shRNA. Cells transduced with a virus carrying scrambled shRNA were used as a control. FSTL1 shRNA reduced FSTL1 expression to less than 10% of that in control cells (Figure [1](#acr211155-fig-0001){ref-type="fig"}A). FSTL1 knockdown had no effect on expression of ACAN, COL2A1, COL10A1, MMP13, and RUNX2 in unstimulated pellet cultures (Supplementary Figure [2](#acr211155-sup-0001){ref-type="supplementary-material"}). Upon stimulation with TGFβ, FSTL1‐deficient chondrocytes produced markedly less ECM proteoglycan, as demonstrated by poor Safranin O staining (Figure [1](#acr211155-fig-0001){ref-type="fig"}B) and smaller pellet volumes (Figure [1](#acr211155-fig-0001){ref-type="fig"}C). FSTL1‐deficient chondrocytes had reduced expression of COL2A1 and ACAN (Figure [2](#acr211155-fig-0002){ref-type="fig"}A). At the same time, we observed increased expression of genes associated with the development of terminally differentiated hypertrophic/OA‐like chondrocytes, including MMP13, COL10A, and RUNX2 (Figure [2](#acr211155-fig-0002){ref-type="fig"}A). Because MMP13 is a pivotal marker of chondrocyte hypertrophy and OA progression, we next performed Western blotting to examine the expression of MMP13 at the protein level. MMP13 protein expression was dramatically upregulated by FSTL1 shRNA treatment (Figure [2](#acr211155-fig-0002){ref-type="fig"}B).

![Suppression of follistatin‐like protein 1 (FSTL1) in human articular chondrocytes reduces cartilage proteoglycan content and volume. CH‐hTERT/E6/E7 chondrocytes were transduced with lentivirus encoding FSTL1 short hairpin RNA (shRNA) or scrambled shRNA (control). Chondrocyte differentiation was performed in the presence of transforming growth factor β. **A**, FSTL1 expression was assayed by real‐time PCR at day 0 of differentiation. The mean + SEM is shown (n = 3, \**P* = 0.004, two‐tailed *t* test). **B**, After 21 days, pellets were sectioned and stained with Safranin O/Fast green to demonstrate proteoglycan content (scale bars, 100 μm). The representative data shown are from one of three experiments. **C**, The plate was scanned and pellet diameters were measured with ImageJ software and used to calculate pellet volumes. The mean + SEM is shown (n = 3, \**P* = 0.0055, two‐tailed *t* test).](ACR2-2-407-g001){#acr211155-fig-0001}

![Follistatin‐like protein 1 (FSTL1) expression regulates chondrocyte phenotype. CH‐hTERT/E6/E7 chondrocytes were transduced with lentivirus encoding FSTL1 short hairpin RNA shRNA) or scrambled shRNA (control). Chondrocyte differentiation was performed in the presence of transforming growth factor β. **A**, After 21 days of culture, FSTL1, COL2A1, ACAN, MMP13, COL10A1, and RUNX2 were assayed by real‐time PCR. The mean + SEM is shown (n = 3; FSTL1 \**P* = 0.01, COL2A1 \**P* = 0.01, ACAN \*\**P* = 0.028, MMP13 \**P* = 0.01, COL10A1 \*\*\**P* = 0.0015, RUNX2 \*\*\*\**P* = 0.0039; two‐tailed *t* test). **B**, After 7, 14, or 21 days of culture, cell lysates were assayed by Western blotting for FSTL1, MMP13, or actin.](ACR2-2-407-g002){#acr211155-fig-0002}

Critical role of FSTL1 in the regulation of TGFβ signaling {#acr211155-sec-0017}
----------------------------------------------------------

To gain deeper insight into the regulatory mechanisms underlying the effects of FSTL1 on chondrocytes, protein extracts from control and FSTL1 shRNA cells were analyzed for phospho‐Smad3 and Sox9 by Western blotting. TGFβ‐induced Sox9, a crucial transcription factor for healthy articular chondrocytes ([25](#acr211155-bib-0025){ref-type="ref"}, [26](#acr211155-bib-0026){ref-type="ref"}, [27](#acr211155-bib-0027){ref-type="ref"}), was decreased in FSTL1‐deficient cells (Figure [3](#acr211155-fig-0003){ref-type="fig"}A). Also, a marked reduction in phosphorylation of Smad3, which blocks chondrocyte terminal differentiation ([28](#acr211155-bib-0028){ref-type="ref"}), was observed at 30 minutes after TGFβ treatment (Supplementary Figure [3](#acr211155-sup-0001){ref-type="supplementary-material"}) and in long‐term (3 days) chondrocyte pellet cultures (Figure [3](#acr211155-fig-0003){ref-type="fig"}B). The results of these experiments demonstrate that altering FSTL1 mRNA levels leads to a change in TGFβ signaling. We hypothesized that FSTL1 binds to proteins important in the regulation of TGFβ signaling and cartilage homeostasis. Putative binding partners that may interact with FSTL1 include a number of members of the TGFβ superfamily or their receptors ([29](#acr211155-bib-0029){ref-type="ref"}, [30](#acr211155-bib-0030){ref-type="ref"}, [31](#acr211155-bib-0031){ref-type="ref"}). Next, we co‐transfected 293T cells with FLAG‐FSTL1 and TGFβ receptor proteins, Alk1 and endoglin, and then immunoprecipitated FLAG‐FSTL1. The immunoprecipitates were evaluated by Western blotting. As shown in Figure [3C](#acr211155-fig-0003){ref-type="fig"}, Alk1 and endoglin co‐immunoprecipitated with FLAG‐FSTL1.

![Follistatin‐like protein 1 (FSTL1) regulates transforming growth factor β (TGFβ) signaling. CH‐hTERT/E6/E7 chondrocytes were transduced with lentivirus encoding FSTL1 short hairpin RNA (shRNA) or scrambled shRNA (control). Chondrocyte differentiation was performed in the presence of TGFβ. After 3 days of culture, cell lysates were assayed by Western blotting for Sox9 (**A**) or phosphor‐(p) and total Smad3 (**B**). Duplicate blots were probed for actin to confirm equivalent lane loading. The results shown are from one representative experiment of three performed. **C**, HEK 293T cells were transfected with empty expression vector or plasmids encoding FLAG‐FSTL1 and BP‐epitope--tagged Alk1 or endoglin. FLAG‐FSTL1 was immunoprecipitated from lysates using anti‐FLAG antibody. FSTL1 was visualized with anti‐FSTL1 antibody. Alk1 and endoglin were visualized with anti‐BP antibody. The results shown are from one representative experiment of three performed.](ACR2-2-407-g003){#acr211155-fig-0003}

Overexpressing FSTL1 promotes COL2A1 expression {#acr211155-sec-0018}
-----------------------------------------------

We next evaluated whether overexpression of FSTL1 impacts anabolic and catabolic activities in chondrocytes. Overexpressing FSTL1 using an adenovirus encoding FSTL1 vector enhanced TGFβ‐induced COL2A1 gene expression by over 5‐fold (Figure [4](#acr211155-fig-0004){ref-type="fig"}A, B). In contrast, the expression of MMP13 was essentially unaffected (Figure [4](#acr211155-fig-0004){ref-type="fig"}C).

![Overexpression of Follistatin‐like protein 1 (FSTL1) enhances COL2A1 gene expression. CH‐hTERT/E6/E7 chondrocytes were infected with adenovirus encoding FSTL1 (FSTL1) or a control virus lacking a transgene (control). Chondrogenic differentiation was performed in a 21‐day pellet culture with transforming growth factor β (TGFβ). FSTL1 (**A**), COL2A1 (**B**), and MMP13 (**C**) expression was assessed by real‐time PCR. The mean + SEM is shown (n = 3; FSTL1 \**P* = 0.014, COL2A1 \*\**P* = 0.0098, MMP13 *P* = 0.55; two‐tailed *t* test).](ACR2-2-407-g004){#acr211155-fig-0004}

FSTL1 expression is reduced in human OA cartilage {#acr211155-sec-0019}
-------------------------------------------------

The effects of FSTL1 on chondrocytes demonstrated in vitro suggested changes in expression of FSTL1 in human OA cartilage. To examine this hypothesis, we obtained cartilage tissue from OA patients undergoing total knee replacement (University of Iowa Department of Orthopaedics and Rehabilitation) and compared FSTL1 expression in healthy‐appearing versus diseased‐appearing tissue, using the Mankin scoring system to define diseased versus healthy cartilage ([21](#acr211155-bib-0021){ref-type="ref"}).

FSTL1 expression in chondrocytes of high Mankin score cartilage was significantly lower than that in the chondrocytes of low Mankin score cartilage (Figure [5](#acr211155-fig-0005){ref-type="fig"}). Also, we assayed tissues with low and high Mankin scores for COL2A1 and FSTL1 expression by real‐time PCR. A significant positive correlation was observed between decreasing FSTL1 expression levels and a decrease in levels of COL2A1 expression (*r* = 0.892, *P* = 0.017).

![Follistatin‐like protein 1 (FSTL1) expression is reduced in OA articular cartilage. Cryosections from healthy‐appearing, low Mankin (LM) score and diseased‐appearing, high Mankin (HM) score tissues were stained with rabbit anti‐human FSTL1 followed by Alexa Fluor 647‐anti‐rabbit IgG (red). Hoechst 33342 was used to counterstain nuclei (blue). Slides were imaged by confocal microscopy using a ×63 oil‐immersion objective. **A**, Images are representative of at least 15 microscope fields from one of four donors. **B**, The mean + SEM of the fold change in the average fluorescence signal (LM vs HM) is shown (\**P* \< 0.01, Mann‐Whitney *U* test). **C**, COL2A1 and FSTL1 expression in tissues with LM and HM scores (LM, n = 3; HM, n = 3) were assayed by real‐time PCR and normalized to GAPDH. Each circle represents an individual data point. The Pearson\'s correlation coefficient (*r*) and *P* value are shown.](ACR2-2-407-g005){#acr211155-fig-0005}

DISCUSSION {#acr211155-sec-0020}
==========

The current study provides compelling evidence that FSTL1 promotes healthy articular cartilage. We found that FSTL1 inhibits TGFβ‐mediated terminal differentiation of chondrocytes, promotes production of ECM proteins, and inhibits production of tissue‐destructive matrix metalloproteinases. In situ, FSTL1 protein expression was decreased in human osteoarthritic cartilage.

Microarray analysis of MSC gene expression in FSTL1‐deficient mice, recently reported by our group ([12](#acr211155-bib-0012){ref-type="ref"}), revealed dysregulation of multiple genes known to be involved in the maintenance of normal articular chondrocyte phenotype. In the current study, we evaluated the effect of FSTL1 on expression of several other phenotypic markers that have been shown to differentiate healthy versus hypertrophic chondrocytes ([32](#acr211155-bib-0032){ref-type="ref"}, [33](#acr211155-bib-0033){ref-type="ref"}, [34](#acr211155-bib-0034){ref-type="ref"}). These include: ACAN, an essential cartilage proteoglycan and a marker of healthy articular chondrocytes ([35](#acr211155-bib-0035){ref-type="ref"}); COL10A1, not normally expressed in healthy human articular cartilage but whose expression is detected at protein and mRNA level in human OA cartilage ([25](#acr211155-bib-0025){ref-type="ref"}, [36](#acr211155-bib-0036){ref-type="ref"}, [37](#acr211155-bib-0037){ref-type="ref"}, [38](#acr211155-bib-0038){ref-type="ref"}); MMP13, which is highly elevated in OA cartilage ([39](#acr211155-bib-0039){ref-type="ref"}, [40](#acr211155-bib-0040){ref-type="ref"}, [41](#acr211155-bib-0041){ref-type="ref"}, [42](#acr211155-bib-0042){ref-type="ref"}); Sox9, a crucial transcription factor for chondrocytes that is down regulated in OA cartilage ([25](#acr211155-bib-0025){ref-type="ref"}, [26](#acr211155-bib-0026){ref-type="ref"}, [27](#acr211155-bib-0027){ref-type="ref"}, [43](#acr211155-bib-0043){ref-type="ref"}); Smad3, which blocks chondrocyte terminal differentiation ([44](#acr211155-bib-0044){ref-type="ref"}); and Runx2, a master transcription factor that controls chondrocyte hypertrophic differentiation ([45](#acr211155-bib-0045){ref-type="ref"}, [46](#acr211155-bib-0046){ref-type="ref"}, [47](#acr211155-bib-0047){ref-type="ref"}).

In TGFβ‐stimulated chondrocytes, suppression of FSTL1 led to reduced ACAN, COL2A1, increased COL10A1 and MMP13, reduced Sox9 and phospho‐Smad3, and increased RUNX2. Taken together, these results demonstrate that FSTL1 blocks chondrocyte terminal differentiation in the presence of TGFβ. TGFβ stimulates the initial stages of chondrogenesis but represses chondrocyte terminal differentiation ([2](#acr211155-bib-0002){ref-type="ref"}). Our data suggest that FSTL1 is involved in phenotypic stabilization of the prehypertrophic chondrocytes mediated by TGFβ. Because chondrogenic differentiation is dependent on the expression of Sox9 and FSTL1 regulates Sox9 status, it is also possible that FSTL1‐deficient cells fail to differentiate into chondrocytes.

It has been reported that FSTL1 may interact with key chondrogenic mediators, proteins of the TGFβ superfamily, or their receptors ([29](#acr211155-bib-0029){ref-type="ref"}, [30](#acr211155-bib-0030){ref-type="ref"}, [31](#acr211155-bib-0031){ref-type="ref"}). It has also been suggested that FSTL1 inhibits the formation of the BMP ligand‐receptor complex ([29](#acr211155-bib-0029){ref-type="ref"}). However, it is unlikely that FSTL1 simply functions as an inhibitor of BMP because overexpression of FSTL1 in mice ([9](#acr211155-bib-0009){ref-type="ref"}), zebrafish ([48](#acr211155-bib-0048){ref-type="ref"}), or frogs ([49](#acr211155-bib-0049){ref-type="ref"}) did not result in developmental abnormalities. Also, despite the fact that FSTL1 has the capacity to interact with TGFβ ([29](#acr211155-bib-0029){ref-type="ref"}, [31](#acr211155-bib-0031){ref-type="ref"}), its impact on downstream signaling has not yet been demonstrated. Our results show that chondrocytes underexpressing FSTL1 display alterations in TGFβ‐induced signaling. We found that Alk1 and endoglin coprecipitate with FSTL1. These results imply that FSTL1 acts by binding Alk1 and endoglin, potentially altering assembly of the BMPRII complex and cell surface expression of BMPRII. This, in turn, would block subsequent signaling cascade, leading to activation of RUNX2 in response to TGFβ. Studies to show possible effects of FSTL1 on assembly of the BMP receptor complex are currently underway.

In the current study, we showed that overexpression of FSTL1 can increase COL2A1 expression in human chondrocytes. We hypothesize that even if an OA chondrocyte has a reduced expression of ECM proteins, it might still be possible for that chondrocyte to increase its expression of ECM proteins under the right stimulation conditions. FSTL1 overexpression may also lead to a stronger commitment to chondrogenesis among the cells in the population. Interestingly, results from our experiments showed that the increased expression of FSTL1 did not induce expression of MMP13. This suggests that overexpression of FSTL1 in normal articular chondrocytes does not initiate differentiation toward an OA/hypertrophic phenotype.

In a recently published study ([50](#acr211155-bib-0050){ref-type="ref"}), FSTL1 increased the expression of inflammatory cytokines (IL‐1β, TNFα, IL‐6) and metalloproteinases, including MMP13, in rat chondrocytes. The results of this work are in contradiction with our data. A likely explanation for this might be explained by the difference of their experimental setup. In the study by Hu et al ([50](#acr211155-bib-0050){ref-type="ref"}), the authors used dedifferentiated chondrocytes in monolayer culture and incubated cells with FSTL1 without TGFβ for 24 hours. In the current study, we utilized a markedly different experimental model. We examined effects of FSTL1 underexpression on cells undergoing chondrocyte differentiation in the presence of TGFβ in long‐term (up to 3 weeks) pellet culture, which is a more relevant approach for exploring the molecular mechanisms underlying chondrocyte differentiation and activation.

Our observations may have clinical relevance. FSTL1 protein expression is reduced in human OA cartilage, a finding supporting the observation of others that chondrocytes express significantly higher amounts of FSTL1 in macroscopically healthy cartilage when compared with diseased tissue ([51](#acr211155-bib-0051){ref-type="ref"}). There are currently no disease‐modifying OA drugs, and identifying potential disease‐modifying targets would represent an exciting advance in the field. The results of our work suggest that increasing FSTL1 expression in articular chondrocytes would slow or reverse OA progression.

In the past decade, a number of studies have been published suggesting a role for FSTL1 in inflammatory response ([13](#acr211155-bib-0013){ref-type="ref"}). However, it is not completely understood whether FSTL1 induces or inhibits inflammation; both pro‐ and anti‐inflammatory functions for FSTL1 have been reported ([13](#acr211155-bib-0013){ref-type="ref"}). Murakami et al ([52](#acr211155-bib-0052){ref-type="ref"}) proposed that the activation of multiple receptors might explain pro‐ and anti‐inflammatory activities of FSTL1. The dual action of FSTL1 may also depend on its concentration, tissue microenvironment, and presence of various regulatory molecules during different stages of inflammatory response.

Wang et al ([53](#acr211155-bib-0053){ref-type="ref"}) showed that FSTL1 is weakly expressed in the chondrocytes of articular cartilage obtained from patients with OA, whereas it was overexpressed in synovial and capillary endothelial cells of the synovial tissue. The concentrations of FSTL1 in serum and synovial fluid were significantly higher in OA patients than in respective control subjects ([53](#acr211155-bib-0053){ref-type="ref"}). OA is a complex disease characterized by chronic inflammation involving the whole synovial joint; IL‐1β and TNFα are key proinflammatory cytokines driving OA progression via induction of protease synthesis ([54](#acr211155-bib-0054){ref-type="ref"}). Both of these cytokines can also induce FSTL1 expression in various cells comprising synovium, joint capsule, and subchondral bones ([13](#acr211155-bib-0013){ref-type="ref"}, [22](#acr211155-bib-0022){ref-type="ref"}). Thus, FSTL1 might serve as a biomarker reflecting the severity of joint damage. The results of this study do not rule out our hypothesis that FSTL1 may have potential beneficial effects on articular cartilage in the early stage of OA.

In summary, our data suggest that FSTL1 plays an important role in maintaining healthy articular cartilage and the FSTL1 pathway may represent a therapeutic target for degenerative diseases of cartilage.
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